The phylogenetic diversity of a well-known pink filament community associated with the 84 to 88°C outflow from Octopus Spring, Yellowstone National Park, was examined. Three phylogenetic types ("phylotypes"), designated EM 3, EM 17, and EM 19, were identified by cloning and sequencing the small subunit rRNA genes (16S rDNA) obtained by PCR amplification of mixed-population DNA Although artificial substrates such as glass slides or cotton string inserted into the outflow were rapidly colonized by the filaments, attempts to culture the organisms were unsuccessful (6).
The pioneering studies by Brock and his colleagues (for example, see references 5 through 8) of Yellowstone National Park hot springs established that organisms grow at nearboiling temperatures. Particularly noteworthy examples of such organisms, because of their large accumulations, were the pink filaments from the outflow of Octopus Spring that Brock et al. described (5) (6) (7) (8) . Although artificial substrates such as glass slides or cotton string inserted into the outflow were rapidly colonized by the filaments, attempts to culture the organisms were unsuccessful (6) .
Recently, the use of molecular phylogenetic techniques has alleviated, to some extent, our reliance on culture enrichment techniques for the analysis of microbial diversity (25, 33) . The molecular phylogenetic approach uses the analysis of phylogenetically informative molecules such as small subunit rRNA (or 16S-like rRNA) to characterize organisms. The 16S-like rRNAs (or their genes) can bc isolated from naturally occurring communities directly or by cloning, and their sequences can be determined. Comparison of the sequences with a data base of aligned rRNA sequences of characterized organisms identifies the unknown sequences within a phylogenetic framework. Some properties of otherwise unknown organisms may be inferred from rRNA sequences, on the basis of the known properties of their relatives. In addition, sequence information provides for the design of specific oligonucleotide probes (1, 12) , for in situ identification, and for estimates of abundance and dynamics. Many novel, yet uncultivated, organisms have been identified by these techniques (for example, see references 2, 3, and 1 1) .
In this study we used a molecular phylogenetic approach to characterize the pink filament community at the outflow of Octopus Spring. The 16S-like rRNA genes of the mixedpopulation DNA were amplified by PCR, cloned, sorted, and sequenced. Fluorescent oligonucleotide probes specific for the obtained 16S rDNAs were used to determine the sequence corresponding to the pink filaments. We show that the pink filaments are most closely related among cultured organisms to the hydrogen-oxidizing bacterium Aquifex pyrophilus (9, 19) and its close relative Hydrogenobacter thermophillus (9, 22) .
MATERIALS AND METHODS
Sample collection. Pink filaments attached to rock surfaces were collected from the hot water outflow from Octopus Spring, Yellowstone National Park, by using sterile forceps. Filaments were observed in the outflow only at temperatures between 84 and 88°C. The filaments were rinsed briefly in filter-sterilized Octopus Spring water and frozen immediately on dry ice. In (28) . Clones containing inserts of the appropriate size (1 or 1.5 kb) were identified by agarose gel electrophoresis of small-scale plasmid preparations (28) . Unique clones were identified by single-nucleotide (ddTterminated) sequencing patterns of the plasmid preparations. A total of 35 clones were categorized. 16S rDNA sequences of representative clones were sequenced by the dideoxy chain termination method using forward and reverse rRNA-specific primers (29) .
Phylogenetic analysis. 16S rDNA sequences of clones were aligned with a subset of archaeal and bacterial 16S rRNA sequences from the Ribosomal Database Project (RDP) (23) using conserved sequence regions (35) and the established secondary structure of the 16S rRNA (17, 18, 37) as guides to ensure that only homologous nucleotides were compared among the sequences. Of the approximately 1,500 nucleotides of sequence obtained from each of the cloned 16S rRNA genes, 1,160 positions were used in the analysis. Evolutionary distances were computed from pairwise similarities by using the correction of Jukes and Cantor (20) . Distance trees were constructed by the least-squares algorithm of DeSoete (13) from either a normal evolutionary distance matrix or a transversion evolutionary distance matrix (36) . Maximum-likelihood trees (14) and corresponding bootstrap proportions (15) were constructed by using fastDNAml (23) .
The 16S rDNA clones of material collected from the Octo- Oligonucleotide synthesis and labeling. Hybridization probes complementary to unique regions of the 16S rRNA sequences were designed. The following oligonucleotide probes were synthesized on an Applied Biosystems automated DNA synthesizer: clone-specific probes complementary to the 1474-to-1447 region of the 16S rRNA, EM 17 (5'-GTCCCCT GCCTCCCTTGC-3'), EM 19 (5'-CACACATTCGTCCCT 1T17-3'), EM 3 (5'-TGCCTTCACCCCACCTTC-3'); a bacterial probe, EUB (5'-ACCGCTTGTGCGGGCCC-3'); and a universal probe (5'-GWATTACCGCGGCKGCTG-3', where "W" is A or T and "K" is G or T) (12) . An rRNA-like probe (5'-GTGCCAGCMGCCGCGG-3', where "M" is A or C) that binds to the complement of the 16S rRNA served as a control for nonspecific binding. The sequences of the clone-specific probes were checked with the RDP collection of sequences (23) (Fig. 1) confirmed the fluorescence microscopy observations. The filaments are clearly segmented (Fig. 1) .
Cloning and sequence analysis of 16S rRNA genes. DNA was isolated from pink filaments (see Materials and Methods) and 16S rRNA genes were amplified (27) Figure 2A shows a maximum-likelihood tree comprising the three sequences of rDNA isolated from cellular material collected in the hot spring outflow and a subset of 16S rRNA sequences from the RDP (23) . The corresponding bootstrap values (based on maximum-likelihood analysis of 100 bootstrap resamplings) are shown above the lines leading to each node. The three 16S rRNA sequences analyzed here are all seen to branch deeply within the bacterial lineage. Normal distance (similarity and evolutionary distance values are summarized in Table 1 ), transversion distance, and maximum likelihood analyses all result in the same branching order for the three EM sequences, lending confidence to the evolutionary relationships proposed in Fig. 2A . Particularly noteworthy is the concurrence of the transversion distance analysis (data not shown). Since the G+C content for the three EM sequences is high (ranging from 62.0 to 64.2%) relative to values for many of the other 16S rRNA sequences in the analysis, there was the potential for artificial clustering of the EM sequences with others of similarly high G+C composition (34, 36) . Phylogenetic trees produced from transversion distances should be free of effects due to G + C bias, since all nucleotides are designated as only purines or pyrimidines. Unlike G+C content, purine content (and, (10) . EM 3 was found to cluster reproducibly with the other representatives of the Thermotogales. These analyses all indicate that EM 3 represents the deepest known branch within that phylogenetic group ("kingdom" sensu Woese et al. [38] ).
The sequences corresponding to clones EM 17 and EM 19 branch even more deeply than the EM 3 sequence within the domain Bacteria (Fig. 2A) . Both EM 17 and EM 19 appear to be affiliated with A. pyrophilus (92.7 and 80.1% similarities to A. pyrophilus, respectively). However, as indicated by the bootstrap analysis ( Fig. 2A) , the specific association of EM 19 with the Aquificales is somewhat uncertain (see Discussion). On the other hand, EM 17 and A. pyrophilus form a clade to the exclusion of all other sequences in the tree in 100% of the bootstrap samples and in all trees with varying sequence composition.
In situ hybridization with fluorescent oligonucleotides. In order to identify which of the analyzed sequences corresponds to the pink filaments, fluorescently labeled oligonucleotide probes complementary to the individual rRNA types were hybridized with samples of the community (Fig. 3) . The probe specific to clone EM 17, the close relative of A. pyrophilus, hybridized to the pink filaments. The filaments varied in fluorescent intensity, suggesting some variability in ribosome content and, therefore, likely variability in metabolic activity. All microscopically observed organisms in the community hybridized with the Bacteria-specific probe and the universal probe but not to rRNA-like control oligonucleotides (data not shown). The probes diagnostic of the other two phylotypes, EM 3 and EM 19, did not hybridize to the pink filaments, nor did they hybridize detectably to any other cells in the samples of the community tested. None of the clone-specific probes hybridized to the control slides of E. coli or B. megaterium (data not shown).
DISCUSSION
The Octopus Spring outflow channel containing the pink filaments has long intrigued investigators. Prior to the discovery of deep-sea hydrothermal vent communities, they exemplified life at the upper temperature limits (6) . However, previous attempts to cultivate and identify the filaments or to extract appreciable amounts of nucleic acid from the filaments had failed (31) . By using the molecular approach outlined here, the phylogenetic affiliation of the pink filaments was determined. The community appears to be limited in diversity. The same three phylotypes were identified with two different sets of primers (8FPL plus 1492RPL and 515F plus 1492RPL) for the amplification of 16S-like rRNA genes. It perhaps is not surprising that the diversity of this community is relatively low; since the hot water flows rapidly and continuously, only organisms that can attach to the channel walls can (9, 17) .
the Octopus Spring source pool and were entrapped in the pink filament mass. Indeed, one of the clone sequences (EM 3) has also been obtained from the 92°C source pool (34a).
All three phylotypes identified branch deeply within the phylogenetic domain Bacteria, grouping together with other known thermophilic genera. It was surprising that no representatives of the Archaea were detected, since most cultivated hyperthermophiles (organisms that grow optimally above 80°C) are members of the Archaea (32 In situ hybridization using the clone-specific probes clearly attributes clone EM 17 to the pink filaments. However, we were unable to detect the community members corresponding to clones EM 3 and EM 19 with the probes used. Although some morphotypes different from the pink filaments were detected microscopically, these did not bind the EM 3-and EM 19-specific probes. They did, however bind universal and bacterial probes. It is possible that the unidentified morphotypes correspond to the EM 3 and EM 19 sequences but that the binding of the specific probes was inefficient and so not detected. It is also possible that DNA corresponding to the unidentified morphotypes was not recovered or amplified.
The pink filamentous organism groups phylogenetically with other hydrogen-oxidizing bacteria, A. pyrophilus and H. thermophilus. This correlation between phylogeny and physiology suggests that the pink filaments, too, may be hydrogen oxidizers. If so, it would help explain the previous lack of success at cultivating them by using organic compound-based media. On the basis of the phylogenetic results, attempts to cultivate the pink filaments as hydrogen oxidizers are under way (24a). Thermophilic, hydrogen-oxidizing organisms appear to play a significant biological role in both terrestrial and marine thermal springs (22) , but little is known about their diversity and distribution. The rRNA sequences and the identification of the pink filamentous organism by in situ hybridization will allow recognition of this group in other environments.
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